
Natural Convection in Trenches of High Aspect Ratio
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Filling deep trench-like features by electrodeposition is often limited by ion transport from the electrolyte bath to the plating
surface at the feature bottom. This transport may be substantially enhanced by buoyancy-driven convection induced by metal-io
depletion adjacent to the plating surface. Numerical solutions of the Navier-Stokes and species transport equations are used
determine the magnitude of transport enhancement, expressed as a Sherwood number, for Rayleigh numbers ranging from 103 to
108 and for feature aspect ratios of depth to width ranging from 1 to 16 both for open trenches and for fully enclosed rectangula
domains. To facilitate extrapolation of these numerical results, an exact analytical solution is derived for aspect ratios much greate
than unity. This is used in conjunction with the known asymptotic behavior for large Rayleigh numbers to construct a composite
formula relating the Sherwood number to the Rayleigh number and aspect ratio. The results indicate that buoyancy-drive
convection may provide significant transport enhancement during electrodeposition into features having depths greater than abo
100 mm and that enhancement exceeding a factor of ten may occur in LIGA features having depths of 1 mm or more. It is also
shown that a moderate inclination of the substrate helps to suppress the formation of multiple vertically stacked convective cell
that would otherwise reduce the overall transport.
© 2003 The Electrochemical Society.@DOI: 10.1149/1.1569480# All rights reserved.
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Electrodeposition into microscopic trenches is of importance in
damascene plating of interconnects for semiconductor devices1 and

2,3

natural convection plays only a secondary role in conventi
ing of flat surfaces when the fresh electrolyte is supplie
in the LIGA process fe
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laxation
s nearly
used to produce metal parts having
sizes ranging from micrometers to millimeters. In LIGA,
energy X-ray source is used to expose a thick photoresist
patterned mask. The exposed material is then removed b
dissolution to obtain a nonconducting mold having a met
strate. The mold cavities are then filled by electrodepos
resulting metal parts may be the final product or may be
injection or embossing molds for mass production.

Deposition rates in recessed features are often limited
port of metal ions into the feature, particularly in LIGA app
where feature depths typically range from 100 micrometer
than a millimeter. If the electrolyte within these features is
the minimum required diffusion-limited plating times ran
about 2 to 20 days for 1-3 mm feature depths. Pumping o
lyte over the mold top provides effective transport into feat
ing aspect ratios,A 5 depth/width, less than about two but p
little benefit in features having higher aspect ratios. This is
the convective cell that circulates the fluid in the top of eac
penetrates only about one feature width. Additional counte
convective cells are formed deeper within high aspect ratio
but the circulation speeds in successive cells decrease by
orders of magnitude.4 Thus, prior studies addressing the influ
forced convection on etching5-7 and electrodeposition8-11 in m
scopic trenches have either reaffirmed this expectation or
limited to aspect ratios near unity.

Unlike forced convection driven by flow over the mo
buoyancy-driven convection may strongly enhance the tra
high-aspect-ratio features, particularly for feature depths o
more. Removal of metal ions from the electrolyte reduces
fluid density at the plating surface by as much as 10% wh
at relatively high rates from 1 M nickel baths. Because of
duced density, the depleted electrolyte rises from an upw
electrode, permitting the inflow of fresh electrolyte. In a
study12 it was postulated that this mechanism was respo
measured current densities 10 to 100-fold in excess of the
limited current. That study also included some numerica
tions that demonstrated the importance of buoyancy in
application.

Despite the relatively large density differences associ
ion depletion, there is relatively little mention of buoyanc
natural convection in the electroplating literature. This is
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absence of such stirring, buoyant convection can strongly
plating rates on flat surfaces13 and on long upward-facing tr
It has also been demonstrated both experiment
computationally15 that natural convection is important in the
evolution of electrodeposits in rectangular cavities of un
ratio provided that the depth of the feature is greater than
mm. In LIGA the feature depth is usually at least this la
aspect ratios range from less than unity to ten or more.

Beyond the literature of electrodeposition and microfa
there are hundreds of studies of natural convection induce
dients of temperature and chemical composition,16,17 but few
these deal directly with the configuration of interest here.
studies addressing convection in tall slender domains a
concerned with transport induced by gradients of temper
density orthogonal to the gravity field as in the pioneering s
Elder18 and Gill19 and in a recent paper20 on multicellular co
tion at very high aspect ratios. Conversely, previous studie
ing motion driven by density gradients parallel to the grav
~our current interest! have largely focused on relatively shall
ers, as in the classical Rayleigh-Benard problem that is p
heated plane of infinite width.17,21 Notable exceptions to thes
eral observations include studies of Rayleigh-Benard con
honeycomb structures22 for 0.5 , A , 2.5 and in rectan
boxes23 for 1 , A , 4. However, the regime of primary inte
LIGA, that of very high aspect ratios, remains largely unex

To better understand the role of natural convection in el
ing of deep recesses, we have performed a series of nume
lations for 1, A , 16 and Rayleigh numbers ranging from
108. The results indicate that natural convection can provi
stantial increase in ion transport into LIGA molds having d
100 mm or more, but the occurrence of multicellular conve
high Rayleigh numbers may reduce this benefit. However
ther shown that tilting of the substrate can help to maintain
able unicellular flow structure. These numerical results ar
guide the development of a physically based analytical m
can be readily used to calculate mass-transport rates in tr
A . 1 and for all Rayleigh numbers.

Governing Equations

We consider the simplified geometry of a single trench-
ity of width w and instantaneous heighth as shown in Fig. 1.
the time required for mold filling is large compared to the re
time of the flow and transport fields, the filling process i
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To facilitate numerical solution by finite difference methods, it is
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quasi-steady and the plating surface motion has little effe
fluid velocity field. Further, we assume that the plating su
mains flat, since observed lateral variations are generally s
pared to the feature height, particularly when aspect ratios
Far above the mold top,y @ h, species concentrations are a
uniform at values typical of the plating bath. To isolate the e
buoyancy, we restrict attention to transport by convection a
sion with the understanding that ion drift induced by the
field may sometimes be important.11 For simplicity, we focus
tion on the transport and surface deposition of a single
species that is largely responsible for the fluid density varia
drive convective motion.

Under these idealizations, the equations describing co
of mass for a nearly incompressible fluid may be written24

¹•u 5 0

]C

]t
1 ¹•~uC! 5 ¹•~D¹C!

where u 5 ui 1 v j is the fluid velocity vector,C is the p
molar density of the deposition species, andD is the effective b
diffusivity for that species.

Under the customary Boussinesq approximation, the flu
is treated as though it were uniform except in evaluating
ancy force,rg, appearing in the following statement of mo
conservation25-27

r
]u

]t
1 r~u•¹u! 5 2¹p 1 rg 1 m¹2u

Here, p is the pressure and the dynamic viscosity,m, is pres
uniform. The density variations that drive the motion can b
to ion concentrations by a linear approximation of the form

r 5 r0 1 DrS C 2 C0

C0
D

in which C0 andr0 are the bath concentration and density, aD
the density reduction that results from full depletion of the
species.

Figure 1. Schematic of a trench-like cavity in a nonconducting mo
ions are carried from the mold top to the deposition surface at
bottom by convection and diffusion.
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flow in terms of the normalized stream functionc* and vor
v* .25-27 The stream function is defined in a manner that
satisfaction of the continuity equation

u* 5
]c*

]y*
and v* 5 2

]c*

]x*

Here, the position coordinates, time, and velocity compo
respectively scaled by the feature height,h, and a reference ve
D/h

x* 5
x

h
, y* 5

y

h
, t* 5

tD

h2 u* 5
uh

D
, v* 5

vh

D

c* 5
c

D
, v* 5

vh2

D

In terms of these scaled variables and a normalized meta
centration,C* 5 C/C0 , the species conservation equation
becomes

]C*

]t*
1 u*

]C*

]x*
1 v*

]C*

]y*
5

]2C*

]x* 2 1
]2C*

]y* 2

Further, by cross differentiation and summation of thex andy c
ponents of the momentum equation, the pressure is elimin
the following expression of momentum conservation

1

ScS ]v*

]t*
1 u*

]v*

]x*
1 v*

]v*

]y* D 5 2RaS ]C*

]x*
1

]C*

]y*
tan

1
]2v*

]x* 2 1
]2v*

]y* 2

in which the normalized vorticity,v* , is defined in terms of
ity gradients

v* 5
]v*

]x*
2

]u*

]y*

Note that the buoyancy forces driving convective motion
pear as spatial derivatives of the metal ion concentration,C* ,
that f is the inclination angle of they axis, measured fro
vertical. Finally, the stream function and vorticity are
through the equation

v* 5 2S ]2c*

]x* 2 1
]2c*

]y* 2 D
as readily verified by substituting Eq. 5 into Eq. 9. This las
equation is used to calculate the stream function from valu
vorticity.

The two parameters appearing in the momentum equati
Rayleigh and Schmidt numbers; both are written in term
kinematic viscosityn 5 m/r0

Ra [
Drgyh

3

r0Dn
and Sc [

n

D

The Rayleigh number is based on the magnitude of the gra
component acting downward along the trench axis,gy 5 g cosf
this is the primary driving force for feature scale circulatio
the Schmidt number is typically of the order 103 for small ions
aqueous solution, the time derivative and the advective
transport on the left side of Eq. 8 are generally negligible
asymptotic regime, there is essentially no dependence of
tions on the Schmidt number. The only remaining parame

Metal
trench



Rayleigh number, a measure of the strength of the buoyancy-driven
motion. For LIGA features having depths,h, ranging from 0.1 to 10
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mm the Rayleigh number is on the order of 10-10 . This est
is based on a relative density difference ofDr/r0 5 0.1, as a
priate for a 1 M nickel bath and full depletion of metal ions
deposition surface. The actual value of the normalized su
centration is, however, controlled by the boundary conditi
plating surface.

Numerical Approach

The preceding partial differential equations are solved
cally on the T-shaped domain shown in Fig. 1. The lower re
part of the domain represents a trench-like cavity of heigh
width w. Since the sidewalls of the trench are electrical in
plating occurs on the floor alone. The wider region above t
represents a portion of the plating bath. Although this bat
ally much larger than the trench, only a small portion ne
cluded in the computational domain, provided that the
conditions are judiciously chosen. To reduce sensitivity of
tion to the location of these boundaries, the flow is permitte
through them as freely as possible. When the local velocity
surfaces carries fluid into the domain, the normalized con
is set to unity, as appropriate for the inflow of fresh ele
Conversely, for an outward flow, boundary values of the c
tion are extrapolated from the interior of the domain along
flow direction. Similarly, values of the stream function are
lated from the interior to satisfy invariance of the stream
along the flow path. These extrapolations ensure that the g
C* andc* are orthogonal tou*

u* •¹c* 5 0 and C* 5 1 or u* •¹C* 5 0

These free streaming boundary conditions are appropriate
fluid above the mold is driven only by natural convection. S
pumping of the electrolyte may be modeled, however, by
an external shear stress,t, along the top surface of the T-
domain12

]2c*

]y* 2 5
]u*

]y*
5

th2

mD
5 t*

This boundary condition replaces the extrapolation of th
function from the interior to the top boundary in one of the
ing example calculations.

The T-shaped computational domain shown in Fig. 1 is
extended four trench widths above the trench mouth and t
widths to each side of the trench. For external domains th
larger, the transport within deep trenches becomes nearly
to the domain size because most of the transport resistan
within the feature itself rather than within the external dom
holds true even though the structure of the buoyancy-drive
above the feature may be quite sensitive to the domain
applied boundary conditions. Despite these external varia
flow within the trench remains unaltered because the free
boundary conditions in Eq. 12 allow the ambient high-den
to flow freely through any of the domain boundaries and
trench mouth. Similarly, the ion-depleted fluid leaving th
flows outward without impediment through any of the
boundaries above the trench. This open-loop flow in and
trench may be disrupted, however, by forced flow over the
trench, because this may cause closure of the streamlines
trench, reducing the ion transport into the trench, as se
example calculations. In these cases having external flow
feature mouth, consistent results are obtained as long as t
tational domain is extened one or more trench widths a
feature, provided that the external flow is driven by an app
stress rather than a prescribed external fluid velocity.
ate
ro-
t the
ce con-
at the

umeri-
ngular
d
lators,
trench

s actu-
be in-

undary
e solu-
to pass
n these
ntration
rolyte.
centra-
e local
trapo-
nction
ients of

2#

hen the
ing or
plying
aped

3#

stream
com-

pically
trench

arge or
ensitive
resides

. This
motion
ize and
ns, the
eaming
y fluid
to the
trench
main

t of the
of the

ithin the
in the

ver the
compu-
ve the
shear

which

c* 5 0 and
]C*

]h*
5 0

whereh* is in a direction normal to each surface. The first
strictly applies at all mold boundaries, and it should also p
excellent approximation on the deposition surface since th
tional speed of this boundary is generally much smaller
characteristic fluid speed. The second applies everywhere
the deposition surface at the mold bottom. In addition, bo
velocity components are zero on all solid surfaces~ignoring
slight translational speed of the plating surface!, and these c
tions are reflected in the boundary values of vorticity that a
lated from the defining equation, Eq. 9.

Rather than incorporating any specific electrode kinetics
chosen to apply more generic boundary conditions that al
isolate the effects of buoyancy-driven transport

]C*

]y*
5 K* C* or C* 5 0 on y* 5 0

The first of these relates the diffusion flux to a surface d
rate proportional to the local ion concentration. For large
the normalized rate constant,K* , the surface concentration is
zero over the entire lower surface, corresponding to the m
deposition rate.12 Thus, for the present purpose of compu
vertical transport it is simpler to require thatC* 5 0, as we do
the upcoming examples. Moreover, since the ion concen
the feature bottom influences only the vertical density d
appearing in the Rayleigh number, these solutions are equ
cable to cases having any nonzero, but relatively uniform,
centration at the feature bottom. The neglected variatio
concentration across the feature bottom are of importanc
trolling the evolving shape of the deposition surface but ha
secondary influence on the overall transport along the fea
ticluarly when the aspect ratio is large.

Our goal is to compute the buoyancy-driven transport a
tion of the Rayleigh number based on the vertical conc
difference. Thus, the principal result of each calculation is
wood number,Sh, representing the ratio of the total vertica
port by convection and diffusion to that which would occu
fusion alone

Sh 5 S h

DDCD 1

w E
0

wS D
]C

]y
2 vCDdx

This integral is the same at all elevations in a steady fl
normalization is based on the concentration difference ove
ture height,DC, representing the difference between the ar
age across the feature mouth and the prescribed zero co
at the mold bottom. This ensures thatSh → 1 when there is no
motion within the trench. When the transport is strong or th
ratio is large, the concentration difference along the featur
overall difference between the bath and the feature bo
nearly the same. Note, however, that the Rayleigh number
based on the overall density difference between the bat
feature bottom.

The equations are solved numerically on a square mes
tive operators are replaced by finite difference approxim
obtain a system of algebraic equations for the time evoluti
nodal point values of all dependent variables. At each time
iterative solution procedure includes several steps:25-27 ( i ) use
to explicitly compute new values ofCi j* ; ( i i ) use derivatives
new concentration field in solving Eq. 8 for new values ofv i j* ; (
use the new vorticity field in solving Eq. 10 forc i j* ; ( iv) diffe



tiate the new stream function to calculate velocity components from
Eq. 5; and (v) differentiate the velocity field to calculate boundary
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values of vorticity from Eq. 9.
The time step for the concentration field is chosen so

relative and absolute changes at any nodal point do not e
scribed limits. Because the Schmidt number is asymptotic
hundreds or even thousands of much smaller time step
taken to advance the vorticity transport equation to the s
level. In essence, the vorticity and stream function equa
relaxed to a steady state for each change in the concentr
Thus, since we are mainly interested in steady-state solu
more efficient to compute a false transient wherein the vor
stream function are only partially relaxed for each upda
concentration field. The two methods generally yield the
sults for steady flows but may differ for oscillatory or cha
tions, because the false transient alters the influence o
number on transient behavior. To speed the calculations a
convergence, each problem is converged to a steady or q
state on successively finer meshes having 11, 21, 41, 8
some cases 161 nodal points across the trench. Since t
square, the number of nodal points along the trench axis i
proportion to the aspect ratio.

Results for Fully Enclosed Rectangular Domains

Although our primary interest is in transport within rec
domains that are open at the top, we first review some
calculations for flow in fully enclosed rectangular cavities. T
vides an opportunity for model validation by comparison w
vious calculations and experimental results. Although th
parisons address thermally induced convection, the
equations are analogous to those for convection induced
tions in ion concentration. The only differences are that the
ized temperature,T* , replaces the normalized ion conce
C* , the thermal diffusivity replaces the binary diffusion coe
D, and the Rayleigh number in Eq. 11 is based the ther
duced density variationDr 5 aDT wherea is the thermal e
sion coefficient andDT is the overall temperature differen
began by computing the flow and transport in a square
having an imposed temperature difference between the ve
walls, as in the Elder-Gill problem. Each of the sidewalls is
mal while the top and bottom surfaces are insulated. Our
mean transport rates agree with previous numerical calcu
within 5% for A 5 1 and 103 , Ra , 105 as well as forA 5
Ra 5 2 3 105, and various inclination angles.

Experimental data was also used for model validation.
illustrates the good agreement between our numerical res
Rayleigh-Benard problem and published data from sever
that are included in Ref. 17, 29, and 30. Recall that in the
Benard configuration the horizontal top and bottom surface
thermal, with the bottom at a higher temperature, and the
are insulated. The data sets shown in Fig. 2 are quite cons
though they include aspect ratios ranging fromA ! 1 to A 5
The results are relatively insensitive to the aspect ratio be
convective motion in layers much wider than their depth
evolves into a multicellular structure of counter-rotating c
having an aspect ratio near unity.

The lines in Fig. 2 indicate our numerical results forA 5 1
for inclination angles of 0 and 25°. For each case, the ti
Sherwood number is shown by a solid line and a pair of do
are used show the maximum and minimum values of the
number for the last 20,000 time steps of simulations that w
run for a total of 50,000 time steps. ForRa , 105 the minimum
maximum are nearly identical to the mean because the fl
sentially steady. However, at higher Rayleigh numbers the
comes quasi-steady, eventually causing a factor of two
spread between the maximum and minimum.

In the absence of substrate tilting (f 5 0), the gravity fi
parallel to the density gradient as in the classical Rayleig
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problem. Under these conditions the fluid remains motion
convective disturbances decay in time whenever the Rayle
ber is less than a critical value,Racrit . Above this threshol
disturbance will grow to a steady or quasi-steady buoyan
flow. The stability analysis of Platten and Legros17 yields cr
Rayleigh numbers ranging from 1767 to 2585 for 0.2< A < 1.
calculation forf 5 0 puts the onset at about 2500, in goo
ment with the stability analysis forA 5 1. In our calculation
proach, the initial ion concentration field is skewed to ind
vective motion that dies out wheneverRa , Racrit .

Our numerical results forf 5 0 are in relatively good
ment with the experimental data from the onset of convec
a Rayleigh number of 43 105. Within this range, the com
streamline pattern changes substantially as indicated by
streamline plots for Rayleigh numbers of 104, 105, and 43
At small Ra the flow is unicellular, it then becomes bic
and finally transitions to a pattern with four cells. The S
number drops abruptly at the transition from two to four
readily apparent in the plot. Beyond this point the flow b
oscillatory with qualitative changes in the flow pattern a
deviations between instantaneous values of the Sherwoo
The jagged variation of the time mean Sherwood numb
Ra 5 4 3 105 is probably due to the limited duration of th
aging period. Aside from this, the calculations continue to fo
trend of the data quite well.

The upper set of lines and insets in Fig. 2 indicate calc
results for a square enclosure tilted 25° from the vertical. T
tively moderate inclination stabilizes the flow and yields r
steady solutions for Rayleigh numbers approaching 108. As se
the insets for Rayleigh numbers of 105, 106, and 107, the strea
pattern remains essentially unicellular over the full range
secondary cells do form within the central core. The cal

Figure 2. Comparison of experimental data for Rayleigh-Benard c
~symbols! with numerical calculations~lines! for a square enclosure
angles,f, of 0 and 25° from vertical. Insets show computed s
patterns.~ ! Time-averaged results;~• • • •, ! instantaneo
per and lower bounds.~upper , • • • •! for f 5 25°; ~lower

! for f 5 0°. All experimental data is forf 5 0°.
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remain in relatively good agreement with the experimental
for small and large Rayleigh numbers, with the greatest d
seen in the intermediate range where there is considerabl
the data from various sources.

The calculations appear to correctly approach the expe
observed asymptotic behavior wherein the Sherwood num
portional to the third root of the Rayleigh number~see slo
Fig. 2!, as discussed later in more detail. In general
quite pleased to find this level of agreement, particularly
Ra, since the one-third power asymptote is thought by
apply only when the flow is highly turbulent. The experim
Elder31 suggest that the transition to turbulence occur
Ra ' 109-1010, though the one-third power asymptote h
observed30 to hold up to 1011.

Tilting of the enclosure not only stabilizes the flow, it als
the onset of convection in a qualitative manner. When a c
of the gravity field is orthogonal to the initial density gradie
vective motion is induced for all values of the Rayleigh nu
in the Elder-Gill configuration. However, as seen in Fig. 2,
produces a Sherwood number of only;1.3 for a Rayleigh nu
of 2500. So the enhancement to purely diffusive transport
ate at the threshold normally associated with the Rayleig
motion. With increasing aspect ratio, the enhancement due
Gill convection becomes even less significant relative to
stronger Rayleigh-Benard convection, as seen in Fig. 3.

Figure 3 displays numerically computed Sherwood
~symbols! vs. Rayleigh number for an inclination angle of 2
for A 5 1, 2, 4, 8, and 16. The five solid lines are the resu
approximate analytical model derived in a later section of t
Since the enclosure is tilted, there is some enhancement o
for all Rayleigh numbers. However, it is clear that the c
threshold for strong convection increases with the asp
Moreover, the computed variation of this threshold is in go
ment with the critical Rayleigh numbers predicted by the

Figure 3. Comparison of numerically calculated Sherwood num~
bols! with analytical model~lines! for fully enclosed rectangular d
having aspect ratios 1< A < 16. Enclosures are tilted 25° from
Inset shows streamlines~left! and isopleths ~right! for A 5 4
Ra 5 106.
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analysis of Platten and Legros17 indicated by arrows at the b
the plot. Note that the stability limit for large aspect ratios i
asRa 5 532 A4 according to Platten and Legros.17 The const
this asymptotic expression is about a factor of two smaller
derived in the well-known book by Chandrasekhar.21 The sm
more accurate value is obtained by use of more general e
for the presumed spatial dependence of the disturbance.

Although no experimental data appears in Fig. 3, its is
all of the calculations for fully enclosed domains approach
root asymptote at high Rayleigh numbers and, as seen ear
2, this asymptote is in good agreement with measurem
A < 1. The experiments of Prasad and Koseff23 also confirm
asymptote for aspect ratios of 1< A < 4. Moreover, the res
Catton and Edwards22 for honeycomb cells approach a
shifted one-third power asymptote that applies for 0.5< A <
Thus, both the available data and the present numerical ca
suggest that the upper asymptote does not depend strong
on the aspect ratio. However, in the next section of this p
shown that this asymptote is shifted by a factor of two betw
enclosed rectangular domains and open trenches.

Typical streamlines and isopleths, lines of constant ion
tration, are presented in the inset of Fig. 3 forA 5 4, Ra 5
andf 5 25°. The flow is essentially parallel along the mid
The turning regions at the top and bottom are almost iden
each occupies about one half channel width. With increas
ratio, these turning regions remain nearly the same while t
parallel flow domain simply expands in length to fill the g
midsection. Although the streamline pattern is relatively in
to Ra, fluid speeds increase with increasing Rayleigh nu
response, the ion concentration boundary layers on the to
tom surfaces become thinner with increasing Rayleigh nu
the ion concentration along the midsection becomes pro
more uniform. Many of these features are shared by b
driven flow in trench-like domains.

-
ains
tical.
nd

Figure 4. Streamlines ~left! and concentration contours~right!
Ra 5 106 andf 5 25°. Strong convective motion carries fresh el
deep into feature, reducing the thickness of the diffusive bounda
the plating surface.
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Results for Open Trenches

Figure 4 presents streamlines and isopleths for flow in
trench with an aspect ratio of four and a Rayleigh numbe
The 25° inclination angle of the feature is apparent since
low-density fluid turns toward the vertical direction as it e
left side of the trench.

The isopleths of Fig. 4 reveal a narrow boundary layer ju
the plating surface at the trench bottom. In this region
motion is essentially parallel to the bottom, requiring
surface-normal flux be carried by diffusion alone. The lo
gradient must thus be steeper here than in the upper reg
the flux is carried advectively by opposing axial stream
differing ion concentrations. These side-to-side difference
centration are apparent in the nearly axial, rather than t
orientation of the isopleths at midheight. As the descend
approaches the plating surface, it compresses the isople
right side, whereas the ascending fluid expands the isople
left. This asymmetry of motion produces a lateral variatio
axial ion flux and corresponding deposition rate that may
shape of the electrodeposit as illustrated by simulations of
evolution.9,11,15,32The ion flux to the plating surface of Fig.
responds to a Sherwood number of about 14. This 14-fold
ment is consistent with the concentration field, because
gradients are now confined to only about 10% of the featu
Ion concentrations just above that layer are nearly equal t
concentration, shortening the diffusion distance by a facto

The primary difference between transport in open an
domains is well illustrated by a comparison of the isopleths
with those shown in the inset of Fig. 3. These two cases
same Rayleigh number and so have comparable fluid spee
figures, the isopleths have the same equal increments of
tion. In both, the isopleths are widely spaced along the mid
the trench where the axial transport is dominated by a
Thus, most of the transport resistance is localized within

Figure 5. Streamlines ~left! and concentration contours~right!
Ra 5 106, f 5 25°, and a normalized shear stress oft* 5 104 a
mold. Flow over the mold top may close convective streamlines a
transport.
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boundary layers at the bottoms of both trenches and at the
enclosed trench. Since the resistance of each layer is inve
portional to its thickness and the layers are of comparable
it follows that the overall transport resistance is only half
when there is one boundary layer rather than two. Thus, th
and the Sherwood number for the open trench are abou
large as those of the fully enclosed trench. This factor of tw
may be disrupted, however, by an external flow over the m
face or by the occurrence of multiple convection cells.

Contrary to intuition, a strong external flow over the top
of a plating mold may inadvertently decrease the transpo
species into the open features. This is illustrated in Fig. 5
external shear stress oft* 5 104 is applied to the upper sur
the tee-shaped domain. This normalized shear is equival
produced by a mean flow speed of 60 mm/s in a channel
20 mm above a mold having a depth of 1 mm. The Rayleig
is maintained at 106, as in Fig. 4. With the flow coming from t
and a tilt angle of 25° clockwise, the external flow stream
the top of the mold, rather than descending into the open tr
convective cell becomes a closed loop driven by shear forc
as buoyancy. Despite the increase in fluid circulation s
overall transport is reduced because a new diffusion layer m
at the top of the trench to transfer ions from the external
the circulation loop. In contrast, a somewhat weaker sh
would have still permited open loop circulation. Moreover
ternal flow of the same magnitude from the opposite directi
descend into the trench and return to the main stream wit
ing the circulation loop. Thus, to maximize transport, the
of the external flow should be upward along an inclined m
This orientation reinforces the buoyancy-driven circulat
draws the fresh high-density electrolyte inward along th
trench wall.

The formation of multiple vertically stacked convectio
may also substantially reduce transport along open trench
enclosed domains. For example, the bicellular pattern visi

or
ve
reduce

Figure 6. Streamlines~left! and concentration contours~right! for bice
convection in a vertical trench forRa 5 106, f 5 0, andt* 5 0. Tran
is inhibited by the presence of a diffusion layer at midheight w
species are exchanged between the two counter-rotating cells.
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streamlines on the left side of Fig. 6 has the same Rayleig
as the open convection loop of Fig. 4. In fact, the bicellular
appears to be the preferred steady-state solution for a vert
The single open loop is favored, however, when the ax
feature is inclined by 25° as in Fig. 4. In that tilted orienta
component of gravity acting across the feature pulls the he
toward the lower sidewall. Thus, tilting reduces the tendenc
a bicellular pattern in which the opposite rotation of the c
essarily places the heavier fluid on opposite walls in the u
lower cells. Our calculations suggest that a tilt of 25° is suf
maintain open-loop circulation in features having aspe
1 < A < 8 for Rayleigh numbers up to 108.

Multicellular flows are generally less efficient than sin
structures in transporting ion species. Although the prece
examples all have the same Rayleigh number, the Sherwo
decreases by more than a factor of two between the single
configuration of Fig. 4 and the closed-loop single and mu
structures of Fig. 5 and 6. The primary reason for this is ap
the ion concentration fields on the right sides of Fig. 4 an
though both configurations have boundary layers at the d
surface, only the bicellular flow has an additional diffusion
midheight. Here, steep concentration gradients are neede
sion exchange of ionic species between the upper and lo
Advection cannot enhance this exchange since no flow c
tween the two cells. The presence of two diffusion laye
than one, reduces the Sherwood number by roughly a fac
In addition, the presence of multiple cells generally reduces
tal density differences, leading to slower fluid speeds an
transport. This same reasoning applies equally well to Fig
flow over the feature top produced a closed cell having two
layers rather than one.

The diversity and complexity of flow patterns increas
Rayleigh number, and the flow is increasingly likely to wa
tween two or more alternative patterns.31,33 These observatio
illustrated by the instantaneous flow field shown in Fig. 7.
trench is vertical and Rayleigh number is 107, ten times greate

Figure 7. Instantaneous streamlines~left! and isopleths~right! for an
latory flow in a vertical trench forRa 5 107, f 5 0, andt* 5 0. Fl
not truly steady, but instead wanders among several multicellular
number
ucture
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in the preceding examples. The flow field shown in Fig. 7 co
three cells, two of them side by side. In other instantane
patterns these side-by-side cells are sometimes nearly
about the vertical center line of the feature and occasiona
over most of the height. At other times one cell dominats
other shrinks into a corner. Occasionally, one of the low
becomes pinched at the waist and splits vertically in half
but less complex oscillations were also seen in our inital ex
flow in a rectangular box. Open trenches with larger aspect
simply able to accommodate a greater diversity of alterna
structures.

Despite all this chaotic motion, the time average of the S
number converges to a relatively stable mean on time scal
still much shorter than typical electrodeposition times. T
averaged Sherwood number for the flow of Fig. 7 is a
though instantaneous values range from about 10 to 24.
when the trench is inclined by 25°, the same Rayleigh num
duces a single open cell having a Sherwood number of ab
plot of the computed Sherwood number as a function of
number and aspect ratio for open trenches is presented
deriving an analytical model that yields the same informat

An Exact Solution for Large Aspect Ratios

At moderate Rayleigh numbers, ion concentrations var
with elevation along the midsection of high-aspect-ratio
This linearity is apparent in Fig. 8 which displays the axial v
of the concentration on each of the sidewalls and the cente
vertical enclosure forA 5 4 andRa 5 2 3 105. There are b
ary layers at the top and bottom; there would be one suc
the bottom of an open trench. It is also seen in preceding s
plots and in the inset of Fig. 8 that the flow is usually paral
feature walls along the midsection such that the transvers
component becomes negligible. This zone of parallel flow a
concentration is obviously greater for higher aspect ratio
occupies a large portion of the height.24

il-
is
tterns.

Figure 8. Ion concentration varies linearly with height over the m
of high-aspect-ratio trenches and enclosures for Rayleigh numbers
erately exceding the critical Rayleigh number. Concentration pr
inset streamlines~left! and isopleths~right! are forRa 5 2 3 105.
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cies and momentum conservation for flow and transport
midsection of high-aspect-ratio trenches

v
]C

]y
' v

DCv

hv
5 D

]2C

]x2

rg 1
]p

]y
' ~r 2 ro!g 5 m

]2v
]x2

Here,ro is the mean density at any height of interest. Note
deletion of]2C/]y2 from Eq. 17 does not imply that vertica
sion is unimportant but rather that the gradient is uniform.
venience we introduce the following definition of the norma
concentration, a normalized lateral coordinate measured
trench wall, and a new notation for the vertical concentrati
ent

Ĉ 5
C 2 Co

DCh
5

r 2 ro

Drh
, x̂ 5

x

w
,

]C

]y
5

DCv

hv

The symbolsDCh andDrh indicate the lateral or horizontal
ences in density and concentration across the trench, whDC
the vertical concentration difference over the central linear
heighthv .

After insertion of these definitions, the resulting expre
the vertical velocity from Eq. 17 is substituted into Eq. 18
the following fourth-order ordinary differential equation for
malized ion concentration

lĈ 5
d4Ĉ

dx̂4

The parameterl appearing here is proportional to the verti
sity gradient,Drv /hv , and the fourth power of the trench w

l [
Drv

hv

gyw
4

mD
where Drv 5 Drh

DCv

DCh

Note thatl may also be written in terms of a modified R

number,R̂a, and a modified aspect ratio,Â

l 5
R̂a

Â4
R̂a [

Drvgyhv
3

Dm
Â [

hv

w

Here R̂a and Â are based on the vertical height,hv , and ve
density difference,Drv , over the midsection of the trench wh
concentration profile is linear.

A total of six boundary conditions must be satisfied on th
sidewalls

dĈ

dx̂
5

d2Ĉ

dx̂2 5 0 and Ĉ 5 2
1

2
at x̂ 5 0

dĈ

dx̂
5

d2Ĉ

dx̂2 5 0 and Ĉ 5 1
1

2
at x̂ 5 1

The first derivative ofĈ must vanish on each wall to prev
diffusion into the walls. Also, in view of Eq. 17, the second

tive of Ĉ must vanish on each wall to ensure that the loca
velocity ~tangential to the wall! is zero, in accordance with th
dard no-slip boundary condition of fluid mechanics. By a
integration of Eq. 20 it can be further seen that the vani

rivatives ofĈ ensure that there is no net vertical mass flux
any horizontal cross section, as required to satisfy mass co
ng the
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Ĉ(1) 5 11/2 to satisfy the requirements thatĈ have a zero
and an overall variation of unity consistent with the definitio
in Eq. 19.

The problem might appear to be overconstrained sinc
ferential equation is only of fourth order and a total of six b
conditions must be satisfied on the trench sidewalls. How
following analytical solution meets all these conditions for

cific choice of the parameterl 5 R̂a/Â4

Ĉ 5 2
1

4
$cos~l1/4x̂! 1 cosh~l1/4x̂! 2 B@sin~l1/4x̂!

2 sinh~l1/4x̂!#%

where

B 5 2
sin~l1/4! 2 sinh~l1/4!

cos~l1/4! 2 cosh~l1/4!

The numerical value of the eigenvalue,l, is determined by th
lowing characteristic equation

cos~l1/4!cosh~l1/4! 5 1

having the root

l 5
R̂acrit

Â4
5 500.563917

Thus, the corresponding critical value of the Rayleigh nu

creases with the fourth power of the aspect ratio,R̂acrit ' 500A
At the onset of convection the convective motion is

that it cannot appreciably alter the vertical concentration
and hencedC/dy 5 DC/h 5 DCv /hv is the same at all elev
It follows from Eq. 11, 21, and 22 that, at this ju

Ra/A4 5 R̂a/Â4 and hence

Racrit 5 lA4 ' 500A4

Quite remarkably, the critical Rayleigh number deduced fr
steady-state considerations is nearly the same as the asym
bility limit of Racrit 5 535A4 derived by Platten and Legros17 b
on the growth and decay of perturbations to a motionless
high-aspect-ratio trench.

Figure 9 illustrates the good agreement between the
exact solution~solid lines! and results~symbols! obtained b

merical solution of the full equations. The values ofĈ andv̂ fo

numerical solutions were computed from the definition ofĈ g
in Eq. 19 and the following definition ofv̂

v̂ 5 v
DCv

hv

w2

DDCh
5 v

lm

gw2Drh
5

d2Ĉ

dx̂2

using the nodal point values ofC and v, wall-to-wall value
DCh , and central-difference values ofDCv /hv 5 dC/dy tha
plied at the specific vertical heights of interest. The symbo
in Fig. 9 are mostly taken from midheight profiles, though n
results are included for quarter height and three-quarter he
tions for A 5 8. Note that the selected Rayleigh numbers
moderately greater thanRacrit for each of the three aspect ra
apparent from the corresponding values of the Sherwood
Sh 5 1.44, 3.21, and 6.05 for aspect ratios of 2, 4, and 8. In
the exact solution remains valid for higher Sherwood numb
the aspect ratio is larger.
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It might appear contradictory that an exact solution tha
edly exists for only one critical value of the pa

l 5 R̂a/Â4 appears to apply over a range of Rayleigh n

However, the definition ofR̂a is based upon the vertical con
tion gradient,DCv /hv , within the central zone of parallel fl
contrast, the conventional Rayleigh number,Ra, is based o
overall height,h, and overall concentration differenceDC. F
the definitions ofl andRa we may write

l 5
Ra

A4

DCv

DC

h

hv
or DCv 5 DCl

A4

Ra

hv

h

Further, using Eq. 28 to eliminatel in favor of Racrit , it is see

DCv 5 DC
hv

h

Racrit

Ra
for Ra . Racrit

This relationship requires that the concentration differenc
gradient in the central region must both decrease with i
Ra. To compensate for this, the gradient and the concent
ference in the end regions must increase with increasingRa, as
in the preceding numerical solutions.

Analytical Expression for the Sherwood Number

The Sherwood number representing the ratio of act
transfer to that which would have occurred by diffusion al
be written

Sh 5
DCe

d

h

DC

whereDCe is the difference in concentration across a diffus
of thicknessd at the trench bottom. In closed rectangular

Figure 9. Comparison of exact solutions~solid lines! with numerical
lations ~symbols!. Open symbols forA 5 2, Ra 5 104, Sh 5 1.44
y* 5 1/2. Filled symbols for A 5 4, Ra 5 2 3 105, Sh 5
y* 5 1/2. Plus and cross symbols forA 5 8, Ra 5 3 3 106, Sh 5
y* 5 1/4, 1/2, 3/4.
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have a diffusion layer at the top, particularly if a strong exte
is present. Using the symbolN to denote the number of di
layers, each presumed to have a comparable thickness a
tration difference

h 5 hv 1 Nd and DC 5 DCv 1 NDCe

wherehv and DCv refer to the central region of parallel flo
latter of these relations may be used to rewrite the Sherw
ber as follows in terms ofDCv rather thanDCe

Sh 5 S 1 2
DCv

DC D h

Nd

Using Eq. 32, the ratioDCv /DC may be replaced in ter
Ra/Racrit to obtain

Sh 5 S 1 2 hv*
Racrit

Ra D 1

Nd*

in which

d* 5
d

h
and hv* 5

hv

h
5 1 2 Nd*

An approximate expression for the diffusion layer thickn
is now constructed from the asymptotic limits that apply f
and large values of the Rayleigh number. At the onset o
convection aids diffusion along the midsection of the trenc
ever, as apparent in many of the preceding streamline plo
very little vertical convection in the end regions where
direction turns from downflow to upflow. In these turning
having a thickness of roughlyd0 5 w/2, the vertical species
carried mainly by diffusion. With increasing Rayleigh num
diffusion layer becomes progressively thinner because its
is controlled by diffusion from the horizontal crossflow to t
cent surface. Although it is possible to derive an approxi
pression for the boundary layer thickness based on the c
speed, it is easier and probably more accurate to extract
mation from other sources.

In the limit of high Rayleigh numbers we are guided by
mental studies,29,30 scaling arguments,33 and our numerical s
tions which all suggest thatSh → bexpRa1/3. In this same
DCv /DC → 0, DCe/DC → 1/N, andhv* → 1. Thus, by equ
the limit of our approximate expression forSh, Eq. 36, with
empirical result it follows that

Sh → 1

Nexpd *̀
' bexpRa1/3 or d *̀ 5

1

NexpbexpRa1/3

Goldstein and Tokuda30 suggest a value ofbexp 5 0.0556 bas
experiments in closed containers, (Nexp 5 2) atRa . 108. Ou
merical calculations forN 5 2 suggest a somewhat larger v
bexp 5 0.069, perhaps because our Rayleigh numbers a
and the trench is slightly tilted. Thus, in the comparisons sh
we useNexpbexp 5 0.14, about 20% above the Goldstein as

A composite expression ford* applicable for allRa is
structed by simply forming the product of the preceding as
expressions and dividing by their sum

d* 5
d0* d *̀

d0* 1 d *̀
where d0* 5

1

2A
and d *̀ 5

1

0.14Ra1

cu-
nd
1,
5,
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This formula correctly selects the smaller of the two asym
both of the limits and provides a smooth transitional be
intermediate Rayleigh numbers.

Figure 10 illustrates the good agreement between the
approximation of Eq. 36 and 39~solid lines! and our num
calculations of the Sherwood number. The upper family o
and data points is for open trenches (N 5 1) while the lower f
is for enclosed cavities (N 5 2). The onset of convection is
the same for the two families, particularly when the aspe
large. However, at large Rayleigh numbers, the transpor
trenches is a factor of two above that of the closed domain
there is one diffusion layer rather than two. In both fam
behavior for largeRa may ultimately be independent of the
ratio, though a slight offset still remains atRa 5 108. Althoug
analytical model was derived for a vertical trench, it ap
provide a good approximation to the numerical results for
enclosures provided that the Rayleigh number is based on
ity force acting along the trench axis. This approach app
adequate for high aspect ratios, although it does shift the
convection somewhat, and it does not explicitly address th
stability against multicellular convection.

Applications

Diffusion-limited plating times for LIGA features are on
der of 2-20 days for 1-3 mm feature depths, assuming a
centration of 1 M/L. In addition to long process times, plat
may be highly nonuniform in features having different aspe
particularly if the electrolyte is pumped over the mold surfa
low features having aspect ratios of unity or less are well
by convective transport of plating ions, whereas high-as
features are stagnant over most of their height.

Buoyancy-driven convection may substantially incre
transport into high-aspect-ratio features if the Rayleigh n
sufficiently large. Since the depletion of all metal ions from a
nickel bath reduces the density by about 10%, the maxim

Figure 10. Comparison of numerically computed Sherwood num~
bols! with analytical approximation~lines!. Upper set of lines and
symbols are for open trenches. Lower lines and open symbol
enclosed rectangular domains.
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it follows that convection occurs for aspect ratios ofA ,
A , 6.6, andA , 37 for feature depths of 0.1, 1.0, and
respectively. The same criterion implies that convection s
unimportant in trenches having a depth of less than 0.1 mm
tent with previous experimental and numerical results for p
bumps in cavitivies of unit aspect ratio.15 Although the pres
feature geometry is trench-like, these results also serve a
line for electrodeposition into circular holes.

The preceding criterion and all of the foregoing calcula
dress fluid motions that are two-dimensional in a plane a
trench. If instead the fluid circulates in the long direction of
the critical Rayleigh may be roughly approximated as

Racrit ' 500A2S h

L D 2

' 500A2

in which L is the trench length. This approximation is base
observation that the fluid velocity for two-dimensional flow
closely spaced parallel walls may be written as

u 5 2
w2

12m
~¹p 1 rg!

wherew is the wall spacing. This equation may be used to
Eq. 18 in a scaling analysis of flow near the onset of conv
arrive at the very rough approximation given in Eq. 41. N
same result can be found in stability analyses of thermal c
in Hele-Shaw cells34 where the onset of convection occu
critical Rayleigh number of 48p2 ' 474, which is fortuit
close to our approximate value of 500. This criterion woul
convection for aspect ratios,A, as large as 1.4, 44, and 1
depths of 0.1, 1.0, and 10 mm, respectively, in trenche
length-to-depth ratios of unity. This result is roughly appli
trenches much longer than their depth, since multiple sid
cells are then expected to form. For this reason we have
as unity in the final form of Eq. 44. The earlier, more re
criterion of Eq. 40 would still apply to holes and short t
Thus, the varying geometry of individual features in a giv
may cause order-of-magnitude differences in deposition ra
many cases deposition rates are subject to the diffusion l
previously described. These nonuniformities could be av
plating with the trenches facing down, but only at the risk
ping hydrogen bubbles within the trenches. Thus, a nearly
inclination might provide the best configuration for suppre
convection.

If the Rayleigh number is large enough to produce str
vection in all features, the transport will be uniform for all
widths and depths. This observation may be verified by su
of the asymptotic expression for large Rayleigh n
Sh → 0.14Ra1/3/N, into the defining equation for the Sh
number, Eq. 16.

q 5 ShD
DC

h
5 0.14DC

D

N S Drg

r0Dn D 1/3

Here,N is the number of convective boundary layers andq is
ion flux to the deposition surface. Sinceh disappears from th
ond of these equations, it follows thatq is independent of the f
depth in a regime where this third root scaling holds. Un
circumstances, features of all depths and widths plate at
rate, a condition of great potential benefit.
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Summary

A numerical model has been developed and used to investigate
fil

e p
tra

nve
ren
g
nt
Sh
nd
n
co
im

re
al
igh
rs
ot
ta.
fo
e

e
sp
n i
t h
a

ier
w
g
ve
rod
ns
ion
ad
re
cti
ev
on
ed

ula
e
fo
ig
in

in
ula
en
nv
th

an
at
nc
l c
an
tio
of
en
qu
n a
th
ec
a

an

analytical solution is also in excellent agreement with our numerical
solutions of the full equations.
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enhancement of ion transport by natural convection during
trench-like cavities by electrodeposition. A finite differenc
dure was used to solve the stream function and vorticity
equations for fluid motion coupled with diffusive and co
transport of a metal ion species that is deposited at the t
tom. Local depletion of that species adjacent to the platin
induces the convective motion. The resulting enhanceme
transport has been computed and reported in terms of a
number representing the ratio of transport by convection a
sion relative to that which would have occurred by diffusio

For purposes of validation, the model was first used to
natural convection in fully enclosed square domains having
horizontal temperature differences. These results compa
ably with previous numerical calculations and experiment
vations from several sources that collectively span Rayle
bers ranging from 103 to 108. At high Rayleigh numbe
computed Sherwood numbers increase with the third ro
Rayleigh number, in agreement with the experimental da
also seen that oscillatory multicellular motions may occur
leigh numbers greater than about 105 but that these may b
pressed by a moderate inclination of the substrate.

Numerical results for ion transport into open trenches w
sented for Rayleigh numbers ranging from 103 to 108 and for a
ratios of height to width ranging from 1 to 16. Here agai
seen that oscillatory multicellular flows are likely to occur a
Rayleigh numbers but that these could be suppressed by
clination of the substrate. Under this inclination, the heav
pleted electrolyte flows into the trench along the lower side
the ion-depleted fluid rises along the upper wall, providin
effective open-loop circulation of the entire trench. Howe
further found that a strong flow over the mold top may p
single closed-loop circulation cell that reduces the ion tra
about a factor of two relative to the open-loop configurat
reduction results from the added transport resistance of an
diffusion boundary layer at the trench mouth. Such closu
open-loop circulation may sometimes be avoided by dire
external flow upward along the inclined mold face. How
external flow velocity that is sufficient to maintain uniform i
centrations across the mold face may also result in unwant
loop circulation of recessed features.

This difference between open-loop and closed-loop circ
also apparent in the roughly factor-of-two difference betw
computed Sherwood numbers for open trenches and those
rectangular domains. The factor of two arises at high Rayle
bers because the transport resistance is localized within th
ary layers that are present at both ends of a closed doma
at the bottom end of an open trench under open-loop circ
is noted, however, that there is very little difference betwe
and closed-loop configurations at or near the onset of co
because both cases have similar frictional resistance when
ratio is large.

A unique feature of the present work is the derivation of
analytical solution for convective transport in high aspect fe
moderate Rayleigh numbers. Since the flow along the tre
section is nearly parallel to the trench walls and the vertica
tration gradient is nearly linear, the governing equations c
duced to a pair of second-order ordinary differential equa
the ion concentration and the axial velocity as functions
verse position. The analytical solution to these equations
eigenvalue representing the critical Rayleigh number re
produce natural convection by a vertical density gradient i
aspect-ratio trench or enclosure. This threshold value of
leigh number increases with the fourth power of the asp
(Racrit ' 500A4), in good agreement with previous stability
ses based on presumed forms of the convective disturb
ling of
roce-
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Perhaps the most useful contribution of the present w
formulation of an approximate analytical model that s
blends the preceding exact solutions that apply near the c
threshold with the complementary asymptotic solutions th
for large Rayleigh numbers. This approximation provides r
simple analytical formulas for the Sherwood number as a fu
the Rayleigh number, aspect ratio, and the number of
boundary layers for both trenches and for fully enclosed re
domains.

Although these results are applicable to convective flo
rectangular cavity or trench, our principal interest is in fi
LIGA molds by electrodeposition. Here, the Rayleigh num
nickel plating from a 1 M bath ranges from about 103 to 109

features having depths from 0.1-10 mm. Convective mo
are two-dimensional in a plane across the trench are ex
occur for aspect ratios ofA , 1.2, A , 6.6, andA , 37 for
ture depths of 0.1, 1.0, and 10 mm, respectively. Thus, for
thin LIGA photoresits~0.1 mm! convection is limited to fe
having aspect ratios less thanA 5 1.2, while at the deeper
current practice~1.0 mm! convection occurs for aspect rat
than A 5 6.6. Buoyancy-driven convection will become m
portant as the LIGA fabrication technology is extended to
depths greater than 1.0 mm. The analytical model derived
be used to easily compute transport rates for any of these
and for other applications involving convective motions d
variations in temperature and chemical composition.
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